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Tectonically rcgion:llim(l  v:u-iations in the tempm oturc of the Nppcr  400 km of the
Earth’s n~~lntlc  arc ~stilnilt~(l  from malysis of global seismic Lmvcl-time d:it:~ c;lto]ogucd
by the lntcrn:ltion;ll  Scismologicd  Ccntrc  (lSC). Seismic pmunctcr  pmlilcs wc dctcr-
mincd  from cstinl:l[cs of P :ln(l S velocities obtoind  by t[lu inversion. Summdry  phmc
di:tgrilms  for the olivinc  und pymxcnc-gmm  subsysl~!!ns  m.: cons[ructcd  in conjunction
wilh d tilcrlllo(lyll:llllic  potcntiul  formulation thtit  til]ows sdf-consi,s[cnt  dctcrminution  of
(Icnsity,bu]k  modulus ;md :tCii:lb:lts  t]lr[)llg}loLlt thcplcssurc  md tc[-llpcr:itllrc  rcgilllesof
(Iw montlc. Pcrturb:(tions  in cstimalcd seismic pwm]ctcrs  arccxprcssccl  in tams of
v:lriations  in tcmpcmtum using the model tcmpcruturc  dcrivtitivcs  ofthc bulk nlod Ldus
and dcnsily  at a given tcmpcrnturc  and pressure. Con fidcncc  hounds  on the velocity
cstinl:ltcs  wc used 10 pldcc corresponding bounds o]l thcconstructcd  seismic pormc-
tcrs. A simple differential relationship is solvd i~crotively [o ot)(ain a tcmpcraturc
v;lriution l’ora given vtiriation  in seismic pwametcr. This approach  allows the cstinla-.
tion of:lrdngc ol’s(;is]l]ic:llly  ~cl~:lcrlllillcd  lclnpcrdtute  variations bycmploying  a given
composition;il  model. I<csllltsillc~ic:ltctll:]t whilcthc.  Pwld  S vcloc>i[y  vdri:ltions in the
uppcrnl;ml]c :lrcconsiskmt with thclcctonic  ]“cgio]l:ili~,:ltioll,”  variations in Vp/Vsr:ltios
~lrcirrcgul:lr.  "l`llis  lc:;~(ls  t()~ll~st:~bl~:  cstilll~tcs( )ftllcs cis]nicp:lrill)  )~:t~:rs:~[l~i  thus csti-
nllltcs  of mcun Icmpcr:llurc  anomalies, typic:llly  wi(hin 6000C  01” the wcighlcd  mcnn,
111:11 :Irc:il)collsistc]lt with tllc:l.cgioll;  lliz,cds  cis]llicci:][:l. A comparison  of two con~p(wi-
tion:ll  models is USWI to show tllctrti(lc-offt  vitllcsti]]l:ltccl  tcmpuaturc  vuriotions.  A
rcfinc(l r~:gioll:lli7,:llio]l”  :lnd lll]:ilysis  C)I’LI l:lIgcI ISC d:l[a set Llrc s[lggc;stc(i in order to
s[:lbili~.c  lhc S vcloci[y  invcrsi[)n, KXILICC sl:ltis(ic:ll  utlccmintics [)11 lIIL’ seismic p;lr:\nlc-
tcrs, ;Ind (hms itll~)l’ov(:c  ollstr:]it)ts”  oncslim:llcd k:nlpc’mlurc  v:lri:l[ions.



1. INMDLJc’1’10N

.,

Scisrnic vclocitim arc governed by the tmpcramre  and pressure dcpcndcnce  of the com-

position, chemistry and mineralogy O( tbc Errth’s inh-xior. Inversion of global  seismic

travel-time dots thereby is a means of constraining nlantlc  composition, inferring dilTer-

cnccs  in mantle state, anti comparing calorimetric and thwmoclastiu  models [e.g. 13ina and

Wood, 1987; lta and Stixrudc,  1992].

In this stu{iy,  compressional (P) and shear (S) velocities arc estimated by tau inversion of

1 scc body wave travd-titne  data cataloged in the Bulletin  of the lntcrnationa]  Seismologi-

cal Gmtrc  (l SC). Lateral heterogeneity is pararnctcrixd  by P md S tau-slowness estimates

appropriate for oceanic and continental regions I“ollowillg  the tectonic rcgionalimtion  rnodcl

of Jordan [ 1981 ]. Rcgionalizcd  [au inversion lacks th(: tllrcc-dil[lcl~si(~t~:ll  appcd  of ton~o-

graphic imaging. llowcvcr,  the tau nlcthmi is quantitative an(i statistically soun(i. “1’bc

analysis dots not rdy on merging compressional  and shefir  velocities obtained from differ-

ent data sets, frequency responses and gmgrirphic  regions, but instea(i mm travd-times in

a manner that is parametrically consistent for global P and S (iata. Joint analysis of P and S

vdocitics  not only helps (iclincatc the depth extent of differentiation bctwccn  oceanic an(i

continental regions, but helps infer the compositional, chcrnicd  an(i thermal naturt  of tiw

mantle given the particular rcsjmm of each velocity n][xic to (Iw lalcral hctcrogcncity.  ‘1’his

is cspccial]y the case in the ui~pcrmost mantle, where iilc obscrvcci latcra] hctcrogcncily  is

mosl consistent wilh li]c [cctonic rcgiollaliz.atic)ll.

l~rom the P anti S vcloci(y  estimates, seismic parameter profiics  arc ct)nstruc[c(i,  ~icfincd

as the ratio of bu]k nloLiulus to cicnsity  [see Birch, 1952]. (onfi(icnce  bounds  on tile ve-

locities  obtaind  by tau inversion arc used to place bounds  on tile seismic parameters. I>i-

clogilic  an(i pyrolitic  mmicls [ lta an~i Stixrudc,  1992] arc used to yiclci tmperaturc  Licriva-

tivcs of the bulk m[xiulus anti (icmsity  at a given temperature an(i i>rcssurc  in orcier 10 csLi-

7

/
mate a range of s~’isnlical]y  dctcrminc~i tcmp~~rature  atlomalics  froth tile  variations in seis-

mic  pilranlctcr. While tile shear vdocity  slructurc  is l)articularly  s~’nsi[ivc to mantle tcnl-

pcraturc an(i solicius, the nloticl  tcmpcraturc (icrivati\’es  of the shear lnmiulus  arc poorly

known. ‘1’bus, using lilt seismic puramctcr  is a convenient means of estimating thermal

anomalies without sensitivity to uncertainties in mmiding 1110 shear mmiulus.

2. SI;ISMIC DA’I’A ANAI.YSIS

l>~:tcrlllill:ltioll  of tcct~)nically  rcgionalin~i  velocity-(icplh func[i~)lls  frc)nl cslimatcs  of tau-

slowncss func[ion.s is dcscritmi  by ‘1’ralli  anti Johnson [ 198( M]. over 1.25 million P ray
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paths  with sour-cc depths less than 70 km were obtained from the 1 SC Bulletin over a pc-

rio~i  spanning 7.5 yrs. However, this data set yicldd  only abou[ 150,600” corresponding S

ray paths, but with u fractional distribution per region c~)mparirblc  m that of Lhc P ciata.  The

small sim and the larger scatter in the S travd-lime dat:l  ld to greater numerical sensitivity

and uncertainties in the S velocity inversion, and thus increased unccrlaintics in the con-

structed  seismic parameters. This, in turn, dcctwases  the ability to constrain estimates of

regionalid  tcmpcrfiturc  vtiriations.

The global  tectonic rcgionali~aticm  of Jordan [1981] is adopted,  which consists of a 5 by

5 degree surface gridding,  with the inclusion of oceanic trenches based on anomalous rc-

tiucd  travel-tirnc distributions observed in the more robust P data set [SCC  Tralli and John-

son, 1986a]. Bridly, for rcgionalid  tau inversion, seismic ray poths tire groupd  accord-

ing to lhc tcclonic  regions associald with lhc sourcw, r~zcivcr  statiml and sLd’acc projection

of the ray turning point. A simple statistical averaging then allows construction of tau esti-

mates appropriate for each region type, with slow]~css-dcpcllclcllt source  Jnd rcccivcr per-

turbations  explicitly formulated [Tralli and Johnson, 1986 b]. “1’hcsc  “single region’f

cquivolcnt tau estimates are inverted independently to cstilnatc P [rl’rulli and Johnson,

1986a] and S (this study) velocities throughout the tmtirc mande.

The tau analysis for S travel-time data follows that dmwlopcd for P data, cxccpl  that se-

]cction  criteria for tau cstirnatcs  (SW Tral]i and Johnson, 1986a) arc ICSS  stringent given the
Iargcr vwianccs in the S data. Furlhcrmorc, the slowness (p) and ~’piccntral  distance (A)

intervals usd to rcducc the raw S travel-times are obtainul by linearly fitting data in 1 to 1()

dcg sliding windows over 0.10 dcg increments from 1() to 85 dcg in cpiccntral LIistancc.

The slopes of the fits then arc rounded  off to the nearest of 35 slowness values sclcctcd  [1
priori  for the entire mantle, while sdccting  a rcspcctivc  set of consecutive A intervals for

each of the seven tectonic region types. Thus, data froln each region arc rcctucd  with com-

mon slowness values, but each slownc.ss may corrcspt)nd  to a diffcrcnl  cpiccntr;ll  distance

interval, thereby all(J\ving  the manil’cstation in the dti(a t-c(!uclion  ()]’ velocity  dil”l’cwnccs  be-
neath the varic)us  Icctt)nic regions. This mL:Ih(d of choosing p-A intervals Ior the entire

cpicentral  range is more cfficicnt  than the tilgorithm used 10 empirically scgrcgatc  lhc upper
mantle. travd-time data in the P study, and mom gcnct al than usillp Lwmmon p-A intcrvais,

as for the lower mantle in the P study.

Iilkml variations in P and S vc]ocitics  arc expressed as diffcrcmccs  about a mean obtained

by weighing (I1c various velocity  profiles according [o (Iw arcal surface (Table 1 ) rcprc-



scntcd  by each tectonic region. This weighting a(ljus(s, to some extent, the over- and un-

dcr-silmpling  of w-lain  regions given the geographic  distribution of scismicity  and scisnlo-

gmphic  stations [Trdli  and Johnson, 1986u].

“1’o ensure that [hc estimated wcightcci mean vcloci(y  profiles wc rctis~)nublc and wilhcml

any potential bias, they wc conlpurcci  to the IASP91 Inodel [ Kcnnct[ und Engdahl,  1991 ]

(SW Fig. 8). Discontinuitics,  such as at 41 () Lind 66(1 km depth,  arc smoothed out in the

vdocity  inversion since travel-time triplictitions  in the ISC da[a tire t]ot sufficiently resolv-

able for tau inversion. This smoothing out of the disrontinuitics  unfortunately limits the

ability of this study to infer temperature anomalies to only the uppc.r  400 km of the mantle.

‘I%c P velocity onal  ysis of “rr-alli  and Johnson [ 19MM]  points out significtint  differences

bctwccn  oceanic and continental regions to a depth of 700” km. Predominant featutcs are

the gmdicnt  in the velocity r-csidual from the rcgionul]y  weighted Incan below occ;mic  rc.-

gions,  whereas contincnt:ll  platforms i~nci shields show compcnsali~)n  in tbc sign of the ve-

locity  residu:ll  bctwccn 350 and 700 km. Figs. 1 -7b show diffcrcl~cc.s  in cdl S vdocity

proi’i]c from the weighted nlc~m tind con be comptircd with the corresponding P velocity

variiltions  in Figs. 1 -7u [from Figure 4 of ‘1’rd]i  and Jt)lmson,  1986a]. Such a compwison

indic~ltes  a factor of two between the magnitude of P o]~d S velocity v~lrii~tions  from their rc-

spcctivc  rcgion:llly  weighted  mcmls.

mk 1

“1’cctonic  Regions ~lnd l;mctionid SurfiIuc ArL>;i

Young  OCCL\llS  (< 25my) ().13
lr~tcrllle(liatc-i~gc  ocmns (2,5-1()() my) ().34
Old oceans (> 100rny) ().13
Active continents (erogenic  zones, rllagmotic bolts) ().19
Continental platforms ().1()
Contincntol  shidds ().()7
Occ:mic trcnchcs Q@

1 .()()

of incri!using surfucc S vcl~)cilics  (dt 33 km dcptll ilflcr a crusts] correc-

tion is applied [SW ‘1’mlli  ;Ind Johnson, 1986;]]) from i.32  knds  in r~’gion  1, and 4.47 !inds

in region 2, to 4.53 kn]/s in region 3. (rl’cctonic  rcgit)n indices :iIL’ listed in ‘J’able 1, w(I

correspond (0 figurt  numbers). ‘1’his trend agrees wi[ll the I’ velocity results, and is consis-

tent with the square root of crusti~] :lgc  dcpcndcnce  of the occmlic r~~gioll;iliztltioll”  [Jordi~n,

19X 1]. A sinlil;lr incr~;~~sing  trc[ld is notc(i  in the contilmta]  rCgiOnS, with SUrlcIcc  vc]ocitics

progressing from 4.23 knds (region 4) to 4.45 knds  (region 5) ;Inci 4.62 knds (region 6).
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Region 4 sLIggests the greater sensitivity of shear wilves to zones of higher temperature,

?
particularly in the upper ’250 km (Fig. 4b.. Rcsidud  velocities of regions 5 and 6 are cn-

tirdy  positive in the Llppcl’ 400” km (mor ?s~ and significantly tit the 99.9% confidence jcvd
h

for region 6). Plutt’orms indicate consistently positiv~ residual vclocitic.s, with variations

from the weighted nlcM] of 1.6 to 2.2% cxkmding  from the surt’acc 10 about 280 km in

depth. ‘1’hc cmnpcnsution  seen in the P velocity variations  bcncatb j-llutftjrnls  is only hinted

at in Lhc S results. ‘1’hc rcsidud  S velocity beneath shields is significant at the 99.9% confi-

dence  level to a dcplh  of about 360 km, with a 3.S% rcsidud  velocity variation from the

Illwln.

occwlic  trenches (region 7) arc significantly s]owcr in S vdocity  to about  280 km in

dcp[h, below which there is Ll tendency towal(is  conll)cnstition  in lhc sign of the vc]ocity

v;lri:ition  that extends below 4(10 km. The P velocity in the shdl]ow  mantle bcnc~lth

trcmchcs dots not indicate  this. As in active contincn[d  regions, tlw S velocities bcnc:~tb

trcnchcs  may bc suggestive d’ shcur softening and partial melting of subducting sl~ib nl:ltc-

ri;ll. 1 ]owcvcr, there is insufficient resolution in the inversion ;lnd particular] y in the rc-

gion[lliz.ation  of trcnchcs  at dcp(ll  [SW Trdli  and Johnson,  19136a].

l’hc estimated P and S vdocity  variations wc most computib]c with the tectonic rcgionol-

izalion  in Ihc uppermost mantle. This Cmmborulcs  the msu]ts of olhcr studies [e.g. I lard

imd Gcllcr, 1994; .Su et (/1. , 1994; Nolct ~Jr al. , 1994]. For the pur[msc of inferring tcn~-

pcr~tture  variations, only results in the upper 400” km :wc considrrcd,  for [hc rcm)n uitcd

cwlicr I’cgol”ding  (hc lwk of resolution of the t:(u mcth(d  as used through m;lntlc trmsition

~,onc CIiscolltilltliticts.  It is evident at this point, howcl’cr, thtl~  P and S vdocity  vw”iations

arc not ncccssori]  y similw in form throughou[  the mal Itlc. l’his 110s implic:liions  for csti-

m;lting tcmpcraturc vwiations from a sing]c compositional  model lor till rc.gions,  as will bc

discussed l;ltcr given the observed n{lturc  of the V#Vs ratios and the constructed seismic

pw:mmlcrs.

Rcgion;lli~.cd  prol’ilcs 01 the seismic pwwnclcr,  $, dtc dclcrmincd  from the 1’ und S vc-

lt)citics  in a str~iiglltlor~vlll(l  munncr from the rdi]tion

@ = VP2 - 4/3 VS2 (lLl)

l~ilch vc]ocity  profile first is intcrpol;ltcd  10 common  depths al 20 km intcnmls,  since lhc

depth col”rc:sllollClitlg”  to o given vclt)city  cstinl;~tc  is d(~lcrnlincd  tl~’ the tdu inversion  ;Ind
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cannot  bc set ff priori. Thcm is a slight bi~~s  thcrdore  illtrodwxi  in (Ilc intcrpo]ation  of ve-

locity  cstimotcs  and their cmnfidcncc  hounds. The seismic parwnctcr is simply the rfitio of

the bulk compressibility to (icnsity, or the squared bulk soLmd  velocity,

($=: K/p . (lb)

Fig. 8 compwcs  tbc bulk sound velocity in tbc upper Inimtlc wi[h IASP91 [Kcrmett and

Engdahl,  1991]. Again, there is agreement with tbc mmicl cxccpt ;IL (Iiscolltilltlitics.

Vw-i~ltions in rcgionalid  seismic parameters from their weighwd  mean arc shown in

Figs. 1 -7c (figure numbers correspond to region indices). The only significant vw-ititions

in oceanic regions arc (positive) bctwccn  260 und 400 km benc~lth  r~:gion 2 and (ncgutive)

from about 150 to 300” km beneath region 3. Contincl)tal  and occo~lic  trench regions indi-

cate a trend of decreasing vtilucs proceeding from region 4 to rcgi~)n (). A rcvcrs~i]  in the

residual seismic p~lr:in~ctcr  ~~nonltily  from 350-375 kn) to 4(H) km in depth is evident bc-
nc:ith :]11 rcgi(ms, including (xxxnic  Wncbcs.

The discwpancy  in the behavior of seismic pamrnctcr  vari:[tions within (manic regions

(namely regions 1 tind 2) conlp~lrui 10 that wilhin continental regions is suggcs(ivc  of an in-

consistency bctwccn  the 1) and S velocity estimates. For example’, S vdocitics  may bc too

low bcnc[itb ;lctivc continental regions and too high blmcatb platforms. I lowcvcr, both of

these regions indic:l(c (11:1[ the S velocity variations arLS significant al lbr. 99.9% confidence

lCVCI  (SCC I~igs.  4b :lnd 5b). 10 cbcck  tbc in(cr-consistency of [hc 1’ und S vc]ocity  esti-

motcs, pml’ilcs of V1#Vs were dc(crmind.  1,~ltcral  v:lriations  in V1)/Vs about their rcgion-

~llly weighted mcun ;lrc shown (withoul cwnfidcncc lmunds) in I;igs. 1 -7d. Further dis-

cussion is dcfcrrcd  to Sculit)n  4.

3. ES”I’IMATION  OIP ‘I’I;MIJI;ItNI’I  JI<I; VAI<IA’I’IONS

once. variations  in rcgit)n:llimd  seismic pardmctcrs  ;Lrc dc{t’rmim:d,  ;l[km[i~~n  is turned lc)

estimating lcmpcraturc vari; ][ions for [I given compositional m(xlcl. Summ:try ph; w di:l -

groms for [hc olivinc  ;Ind  ])y]()~~l)~:-gi~rl)~[ subsystcni,s  wc constrllutcd.  A sell-c~)nsiskm[

[l~crlllo~lytl;illlic  nloLiCl  th~n is USC(I to dctcrn)inc  thc dcnsi~y,  bulk InoLiUIUS,  iin(i ~~~ii:~bitts

tilI’OUgiloUt  tilC pll?ssllrc an{i tCIllpCI”iltll I”C regime Of (ii~ Wl”th’S IlltlIl[lC dssuming  pic]ogi(ic

iill(i pyrolitic  compositions Iscc ILil ~lnci Stixru(ic,  1 992; 1993 for (ictilils].
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Pcrturbalions in cstimalcd  seismic piwumctcl  (@) duc 10 variations in Lcmpcraturc  (T) urc

cxpmsscd using  model tcmpcraLLIrc  derivatives of bulk modulus (K) and density (p) at a

given tCIhpCriltLlrC  and prCSSLlrC according m

(2)

The subscript O rcftm to the quantities dcrivd  from the thermodynamic potential. This dif-

ferential relationship is solved  iteratively to obtain il tempcraturr  anomaly for a given

onomaly in seismic paramclcr. Convergcncc  is obtaintx] when $- 0() is within 0.03, which

occLIrs typically in less than five iterations wi[h a starting surface adiabatic temperature of

18(XF)K. An iterative method  is nccdcd  bccausc  the r~’lationship  hctwccn  tcmpcrtiturc  and

velocity is non-linear. Also, note that the 18(N~>K  a(iiabat  is only for the starting point,

with final tcmpcratmes  depending solely upon lhc velocity protilcs  al)d mineralogical nl(dd

chosen. ThLIs, tcmpcraturc variations ar~; not rcfcrcnc(’s to the 18()( F’K adiabat,  but dcvifi-

lions from the weighted nun tcmpcraturc  profile obtailwd from the iwrativc procx.x]urc.
Rather than adopt the 99.9% confidence bounds  on llw P and S vclocitics,  only the 1 0

standard Licviations  am used to dclcmninc  corresponding bounds  (m @ that yield significant

variations from the weighted mean, ulbcit  with rcduct’d con ficlcncc.  ‘1’hc lower an(i upper

bOUIldS  at 2 @VCll  (kpth 2rC Jlot SyJIlJ13Ctl’iC  iJboLJ[ thC IllC:Ill  dLIC to ttlC IIUtLIJ_C of thC tat] ill-
version. ‘1’hc error bounds  on @ th~Jl arc invcrhxl  to yidd  bounds  011 the c(Jrrcsp(JndiJlg  es-

timates of (mean) rcgionalizcd  kwlpcru[urc  variations.

Near-surface source an(i rcccivcr corrections arc dctcrmincd  frotn the rcgionalid  tall

method and prcsumahly remove systcJna(ic  effects tllal ()[hcrwisc  would bc Jnappcd  into

lateral variations in upper mant]c velocity [SCC ‘l-ra]]i and JohnsuII, 19Xotl]. I Iowcvcr,  it is

possible thal the seismic ray path Lurning  poilll sampling pcr rcpi(lt] ill [llL’ LIpper 4(X) km is

not rcprcscntativ~~  0[ th’ overall distribution 01” rcgionalinxi  data [Ilroughoul”  the entire lllal)-

tlc. ‘]’hc Weighting Schcmc ildo]3[Cd  thus Wollld  J1O[ OCCOLII1l ]“OJ” sLlmplillg biases as iJl-

tcn(icd. ‘1’hc chanxcs in(roduccd  hy tlsiJlg lhc t’rUClioIlill  pcrccnla:c  of tolal ray paths for

each region (for cxan]pk,  scc ‘1’able 1 of “1’ralli and Johnson [ 1986al) rather ~han the surface

area va] Ncs  dcri vcd fl”onl the K’giona] i Z,ilt ion model  al”c. not Signi fican [, and do JIOt aCCollnt

. .I



for peculiarities in comparing the P and S behavior ml the noted discrcponcies  with the tec-

tonic rcgioll~llizatioll.

Vi~rititiolls  illtcl~~pcratL1  rcabotlt  arcgiol~ally  weiglltcd lllcall  arcs llc)wllinFigs.  l-7c us-

ing a pyrolitic  compositional model  [Its and Stixrude,  1992]. Young  otxxmic  regions indi-
cate only two depths at which temperature vimititions  wc signiilcant  irt the 1 G level, namely

at the surface and at about  335 km, where estimated temperatures ~~rc 40(FK higher and

60(FK  lower than the rncan, rcspcctivcly. l:or this find all olhcr  regions, anomirlics  tit

depths approaching 400 km may bc due to the lack of ] csolution  in [hc vdocitics  cstirnntctl

by the tall inversion as used, and thus may be artifacts of rcsult[lnt smoothing through

transition zones. llltcrl~lc(liatc-:~gc  oceans we signii’icilnt]y  w:u-mer thi~n the mew by about

10O°K from the surfiice to u depth of about  100 km, atlcl show u similar negative  variation

at a depth of about  335 km. older oceans indicate a significant positive temperature varia-

tion of i~pproximately  20(FK ot about  130 km to 600c)K at :lbout  300 km (ieptb. Any sLlg-

gestion  of warming to cooling tcmpcmturc progressing from younp to old occmic  regions

occurs  above irbout 110 km in depth. Oltkr  occtins in fiict arc rdti[ivcly ww-mcr ot depths

CClltC~Cd  :lbollt 200” km.

The tcmpcr~ltllrc  vwi~llions  beneath ilclivc  contincnt~ll  regions using :1 pyrolitic  model fire

consistent ond significant, about  -3(U)K,  cxtcrrcling  1 mm the surt’;icc to a depth of ~lboul  . .

260 km, with a rcvcrsol  to +30(FK dct’ind  a[ :1 depth of about  335 km. Platforms show

(’

4 ‘“

the same overall [rend; the tcmpcraturc  voria(ions  ore slightly greater bu[ insignificwlt  m a-

tivc to the wcightd  mean. Contincntlll  shidtls  in(iicd~c  i] posilivt’  at]d signifitxmt  ttmlpcru-

tllrC llIIO1ll:dy Of llbollt +2000K” t’IWIn the SLl~t_:lCC to :1 dC@ Of [lboll[  ] 85 km. A ]:lr~C

Imom:lly  of + 12000K :1[ about  350 km in tlcp[h, tlcl”incd  from 270 [o 400” km, is indic~ikd

:N]cI reminiscent of a simil;  lr l’cilturc  beneath regions 4 und 5. Occilnic  (rcnch regions  indi -

cirtc 11 tcmpcralurc anf)moly of -300~)K” cxlcnding  fronl the surface  to a depth of LIbout 260

km. An incrcmc in the cs(im;~tctl  tcmpcruture  vwitition to aI)lJloxil[~:ltcly  +40(X)K at 335
km depth is m~lrginillly  significant at the 1 0 lCVC1 but mimics the results  bcnc[lth LIll conti-

nental  regions. ll;lscd  on the tectonic rcgiollilli7,0tio11,  one would  cxlwt :1 rclotivc cooling

trcncl  progressing from ac[ivc  10 mom slublc contincntul  regions. l:igs. 4c-6c  indicate lhc

opposite trend.
Since LiK/d”l’  ~tnd dp/d”I’  wc ncg:~livc  quuntitics  throughout [he upper 400” km 01” the mLln-

tlc, il follows lr(ml  ]kln. 2 tlnl posilivc  anomalies in s~’ismic parillnclcr  correspond  to nt:gu-

tivc wmptxlturc  ;lnom:~lics  un(i vice vcrsu, for u givcll  CO1llpOSiliollill  ln~)dcl.  1 IOwcvcr,  :1s

nolcd in Scclion 2.2, the Iwh;lvior 0( the rcsidu~ll  seislnic  p~lr~lmctcr  vuriutions  from young

to ol(icr conlincntul  regions is l)rcclollli]lillltly  controry  to [Iul( indic[~tcd  wi[hin occonic  re-

gions (Figs. 1 -7c). l:or cxt~mplc  bcncx~th  region 6, both P und S velocities LIrC  ~~~iltc~  then



their weighted means, but the bulk sound vdocity  is 1(!ss Lhan its corresponding weighted

mean (see Figs. 6ti-c). This may be attributed to S veltxity  estimates that are increasingly

too ]argc with continentitl  age, occepting  the P results {Iivcn  the robustness of that data set.

It is also possible that some of the inconsistency in tlic estimated seismic parameter and

temperature variations may hc due to lateral variations in composition or volatile content
[Anderson, 1994]. This contention is supported by the valiation  in the Vp/Vs ratios for re-

gion 6. The ratio is anon~aloLIsly  low throughout the depth rtingc considered  (Fig. (ii), in-

dicating an inconsistency bctwccn estimated P find S vclr)cities.

In order to test the sensitivity of tempcrtiturc  mmmali<’.s  to the chosen mantle composition,

wc calcu]a[c  variations in temperature using a piclo/!itic  composition [Its and Stixrudc,

1992] (Figs. 1 -7 f). Figs. 4f and 7f intiicatc a lack of convcrgcncc in the uppermost depth

node duc to large dill’crcnccs  between (hc model and constructed seismic parameters. Prc-

dictcd  velocities using this composition are systcmatic~lly  lower than those gcmxttcd  with

the pyrolitiu  model. This leads m lower ttmpcraturcs,  generally by 250 to 35(F)C,  in every

tectonic  region. “1’bus, the inverse relationship bctwlcn  the pcr(urbati[)ns  in [hc P and S

vc]ocitics  an(i tile seismic parameter nottxi  eorlicr for region 6, l~)r CXillllpiC,  may signtii a

cilange  in mantle composition witimut a significxtnt  vtiriation in tcn~p(’.rulurc.

The rdativc  temperature ciiffcrcnccs  between tbc val ious regions arc maintaine(i witil ei-

ther mantle composition model. Tiwsc relative diffcrcnccs are contrwy to what would  bc

cxpcctcd  from the tectonic rcgioll;lli?,iition. Tile estimated velocity variations, on the other

han~i,  arc consistent witil the rcgionalimtion  individually for P an(i S. irregularities arise

wilcn tilt vclocitic.s  are combind to construct rcgionalid  seismic imramctcrs. As notexi,

tiw lorm (magnitu~ic an~i sign) of the P vc]oci[y variations  arc not n~’ucssarily mimiciui by

the S variations cstinlatcci  in tilis study. in a(iciilion 10 using a single composition”  from

which to derive m{)cicl parameters for ail regions, Ihc S rcsu]ts IIIUS Intiy hc statistically

suspect duc to a smaller ciata scl tin(i  application 01 U r~’gioll(lliz,:lti(~ll  modci lilat was refined

for tau cstimati(m only in tim process of analyzing the more r(~i)ust P (iatil.

5. CX)NCIIJSION

Ti)c usc 01 variations in tile seismic partimctcr  to estimate c~)rl(~s~)c)ll~iillg  tcmpcralurc

variations is striiigil(ft)r~viilcl  lill-lorctic;  lily and provi(ics statistical rigor lilrougb liw usc of P

anLi S velocity uncertainties yicl~itxi  by tau inversion. Working with tiw seismic parameter

climinatrs  the nccci for nlocicl  (c.mpcraturc  (icrivativcs of slur m(xiulus,  wilicb are poorly

constraincci  by laboratory work. 1 lowowr,  oi>tail~in~’,  estimates of tcmpcraturc variations



from varititions  in seismic vcloci~ics  is not an (:asy task in pritcticc.  in addilion  10 as.sump-

lions rc.tyrding  mantle composition, it L1lSO sLIffcrs froln the inubi]ity  of lhc seismic dtit;l  10

resolve the finer structure of tlw mantle  throu~h travel-time analysis, iIntl from the linlita-

tions of the adoptd  global tectonic rcgiondiza(ion  d its applicalit)n j’or pwamctcrixing  ldt-

cral hctcrogcnci t y at depth.

Nonctbclcss, this study htis gone full circle, presenting a formal and quantitative means

of cs(imating  nmndc  tempcratutc anomalies wjlh regionitlizd  lSC trilvcl-time data. Varia-

tions in mean rcg,ionalid  tcmpcraturc typically provd within 6(W) 01 the weighted tncan

profile. ‘1’hc trade-off bctwccn  assumed composition and estimated  temperature vwkitions

w:is shown using piclogitic and pyrolitic  models. This jndic;ltcd th;]t  absdutc cliff crenccs

in tcmpcraturc of up to 35(F) could bc cxp]aincd  by a than.gc in composition. Estin~~~td

temperature wlriations  am inconsistent with the tectonic rcgi(J1l;lliz;l(iCJ1l.

A quadratic programming or linear inequality constraints apprmwh could hc undcrdmn  to

SOIVC for tempm-aturc  variations corresponding to seismic purametcr  pmfilcs that lic bc-

twccn the given uncertainties. However, (his would  bc more invo]vcd  numerically and is

nol w~lrrdntcd  by lhc rc.w)lution  of the sci,smic  parameter profiles c’onstruclcd from lhc.w’

velocity cslimutcs. A ,loint inversion of P zlnd S vclocitic.s also could bc undcrtilkcn  in a
m~lnncr that conslmins  Vr)/Vs ratios, for example, and thcrct’ort improves the estimation of

tcmpcrat  urc anomal ics from the scism i c p;wamctcr.

Finally, a refined tectonic rcgi(~lltlliz,itti~)ll,  with smilllcr surfiicc  ~rid size to pcrhops  1 c)

cells, tind [1 larger lrllvcl-tinw  data set, recognizing that over tcn years of additiond ISC dots

W“C now dvai]ab]c,  [ll°c suggested in orcicr to check consistency with the rcgioll~l]iz,~ltioll

model {~ priori,  st~lbiliz.c  the S vc]ocity  inversion and (bus improve constraints on tcnlpcra-

tLlrc :u~onlalics  using the st:ltisticill  unccrtilintics  on thl seismic p:mlmc[cr (or o given conl-

posit iona] model.

in part by the NASA Cicx)dynamics IYogmm (l IM”l’) imd NSI; p,ral~t  l{ AR-921 8390 (JJI).

The sollwarc for estimating tcmpxlturc  an(~malics  WO.S wril(cn  wi[h N:itionill Instruments

Corporiltioll  1 .;lbV1liW.
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FIGIJRE C A P T I O N S

.

Figs. 1-7: Numbers rcl’cr to tectonic region indices according, to Tab]c 1. Outages rcllcct

spurious estimates or estimates that excccd  bounds  on given l’igurc. Dashed lines

rcprcscnt 1 0 error bounds  as discussed in text.

a. Variations in rcgionalimd  seismic P velocities from the regionally weighted mean;

b. Variations in rcgionalizect  seismic S velocities front the regionally weighted mean;

c. Variations in rcgionalized  seismic parameter ($) from the rcgiona]ly weighted mean;

d. Variations in rcgionalized  V~Vs  from the regional I y wcig,htcci  In can;

c. Variations in cslimatcs 0! rcgionalized  tcmpcraturc variations (W) using a pyrolitic

composition [Its and Stixrude,  1992].

f. Variations in estimates of rcgionalized  tcmpcraturc  variations (°C) using a piclogitic

composition [Its and Stixrudc,  1992].

Fig. 8. Comparison of regionally wcighttxl  mean V p, Vs, and bulk sound velocities (VO)

with IASW 1 [Kcnnctt  and 13ngdahl, 1 W] ] (ill bold).
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